Following the repeal in 1962 of a long-standing ban on trawling, yields of demersal fish from the Firth of Clyde, southwest Scotland, increased to a maximum in 1973 and then declined until the directed fishery effectively ceased in the early 2000s. Since then, the only landings of demersal fish from the Firth have been by-catch in the Norway lobster fishery. We analysed changes in biomass density, species diversity and length structure of the demersal fish community between 1927 and 2009 from scientific trawl surveys, and related these to the fishery harvesting rate. As yields collapsed, the community transformed from a state in which biomass was distributed across numerous species (high species evenness) and large maximum length taxa were common, to one in which 90 per cent of the biomass was vested in one species (whiting), and both large individuals and large maximum length species were rare. Species evenness recovered quickly once the directed fishery ceased, but 10 years later, the community was still deficient in large individuals. The changes partly reflected events at a larger regional scale but were more extreme. The lag in response with respect to fishing has implications for attempts at managing a restoration of the ecosystem.
INTRODUCTION
The Firth of Clyde on the southwest coast of Scotland is a large fjordic basin incorporating the estuary of the River Clyde, which has experienced a boom-bust cycle of demersal fisheries. Between 1889 and 1962, the entire Firth was closed to trawlers larger than 8 tonnes in order to protect herring fishing grounds and areas used by small inshore vessels [1] . In 1962, the closure was repealed for waters beyond 3 miles of the coast and, with the resumption of trawling, demersal fish landings increased to a peak in 1973 before starting to decline [2] . Then, in 1984, the waters within 3 miles were also opened to trawling in an attempt to maintain catch levels and exploit inshore Norway lobster (Nephrops norvegicus) stocks. However, fish landings continued to decline. In 2001 and each year thereafter, a seasonal prohibition on demersal fish trawling has been implemented in parts of the Clyde to protect spawning cod, but the targeted demersal fishery ceased in about 2005. By the late 2000s, the only demersal fish landed from the Clyde were by-catch from the trawl fishery for Norway lobster.
It has been asserted that the record of demersal fish landings demonstrates that the Clyde is an 'ecosystem nearing the endpoint of overfishing, a time when no species remain that are capable of sustaining commercial catches' [1, p. 1] . However, landings data alone are insufficient to diagnose exactly what has happened. The relationship between species landings and abundance in the sea is affected, a range of socio-economic factors in addition to management regulation of fishing effort and opportunities.
We set out to investigate the changes in demersal fish more thoroughly, and report here on a variety of diversity indicators based on survey data collected between the 1927 and 2009, and how these relate to the patterns of harvesting rate.
Abundance-based diversity indices such as species richness (number of taxa present) and evenness (distribution of abundance across taxa) are commonly used to measure biodiversity in both terrestrial and marine habitats [3] . Since the observed number of species typically increases with repeated samples [4] , species richness and evenness can be misleading when sampling effort is not standardized. Other measures of diversity have been proposed to overcome such problems, for example, taxonomic diversity and distinctiveness [5] , but the main alternatives for marine systems have been size-based measures [6] .
Size-spectrum indicators [7, 8] and related indices such as proportional stock density [9] , mean length and mean maximum length [10] have been developed for marine communities. An operational example of proportional stock density is the large fish indicator (LFI) of the North Sea demersal fish community [11] . The LFI is defined as the ratio of biomass of demersal fish larger than a threshold length relative to the total demersal fish biomass. It combines the influence of large-growing species relative to small ones, and the extent to which large species achieve their maximum size. Both are strongly affected by fishing, which tends to selectively remove large species and individuals. In the North Sea, an LFI value of 0.3, with a 40 cm threshold length, has been set as a target for good status. North Sea trawl survey data show that the LFI declined from around 0.3 in 1980 to 0.1 in 2000, and has since started to increase as community averaged per capita fishing mortality rates have been reduced to less than 0.9 yr 21 [11] .
MATERIAL AND METHODS
(a) Firth of Clyde trawl survey data Fishing trawl surveys of the west of Scotland shelf sea have been carried out annually during February or March since 1980 by the Scottish Government agency responsible for fish stock assessment, using methodology approved by the International Council for the Exploration of the Sea (ICES). This involves deploying a Grande Overture Verticale (GOV) trawl net at specified locations, and the use of standard procedures to document and analyse the catch [12] . Archived data from 1985 onwards are available at the ICES DATRAS database (http:// datras.ices.dk). Two trawl locations are in the outer Firth of Clyde, and the post-1985 data comprise the most complete observations on fish abundance and diversity in the Firth. Trawl samples from 1927 to 2006 have also been collected using various gears and locations, and are fully documented at the Marine Scotland Science Laboratory in Aberdeen. The additional sampling since 1960 has been almost exclusively between November and March, but prior to 1960 was confined to the summer months. The standard catch analysis protocol for all surveys involves sorting by species, and measuring the body length of all individuals in the catch or in a random sub-sample (see the electronic supplementary material). We confined our analysis to demersal fish, excluding invertebrates and pelagic fish, which are not well sampled by demersal trawls. We considered the post-1985 GOV trawl data to be the gold-standard dataset. In order to standardize the remaining data, we first identified three latitude Â longitude cells that enclosed all of the tow locations (figure 1). We then selected only tows from within these cells that used nets of similar design to the GOV, rejecting data from, for example, prawn trawls or experimental gears. This procedure ensured that, for our main analysis, the fish community was sampled from similar habitats and with similar efficiency over the entire period from 1927 onwards. The rejected data included samples from two dedicated trawl surveys, in 1989 and 1990, of the entire Firth of Clyde. We therefore also conducted a separate analysis of these data which confirmed that the main dataset was representative of the Firth as a whole (see the electronic supplementary material).
To assess the extent to which changes in the Clyde demersal community were symptomatic of changes in neighbouring sea areas, we replicated the assembly and analysis of survey data for the southern part of the Hebrides shelf (88 W, 55815 0 N-68 W, 56830 0 N), and the northern Irish Sea (68 W, 548 N-38 W, 558 N; figure 1 ). All data analysis was performed using the R statistical software environment, v. 2.11.1 [13] .
(b) Abundance We sought to calculate the abundance of each taxon in the survey catches in terms of biomass in a given length interval, per unit of swept seabed area. There are three main components of such a calculation, starting with the number of individuals in 1 cm length class intervals from the trawl records. First is the area of seabed swept by the trawl. Second, the conversion of number-at-length to biomass-atlength, and finally accounting for the catchability-at-length of each taxon by the trawl (proportion of fish in the trawl path which are retained by the net).
Since the mid-1990s, underwater sensors have been used to measure the separation distance of the wings of the trawl net so that, given the distance towed, the swept area can be calculated directly [14] . For earlier records, we assumed that the area sweeping rate (m 2 h
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) of the net was constant and equal to the mean over instrumented tows, and estimated swept area as the sweeping rate Â tow duration (see the electronic supplementary material). The catch numbers in length intervals were converted to catch weight by applying taxon-specific length-weight conversion functions (W ¼ aL b ) with parameters (a, b) sourced from Coull [15] and Fishbase [16] . Where no taxon-specific parameters could be located, values were substituted from morphologically similar species. Catchability-at-length estimates were not available for the Clyde and values for the North Sea [14] were not transferable, since their derivation implicitly included the region-specific accessibility of fish to the survey, in addition to the performance of the gear on the ground. Hence, we assumed a uniform catchability of one recognizing that this resulted in a systematic, but unambiguous, underestimate of absolute abundance.
(c) Species richness and evenness The presence of taxa in each tow was used to derive species richness (S), defined as the cumulative number of taxa found in a given number of tows. Species evenness was expressed by Pielou's index [17] ,
where H is the Shannon diversity index [18, 19] , and where
is the relative biomass of each taxon i. The maximum value of H is ln(S) so J has a maximum of 1 when all taxa are equally abundant, decreases towards 0 as the community becomes more concentrated into fewer taxa, and is undefined as the community collapses to a single taxon.
To standardize the sampling effort [20] and assess temporal changes in richness and evenness, we ordered the tows sequentially by date, and derived the richness and evenness in a sliding interval of 20 tows. The derived richness and evenness were then assigned to the median date of tows within the interval and joined by a local polynomial regression smoother (lowess) [21] .
(d) Size distribution indicators
The all-time maximum recorded length (L m i ) of each species i in the dataset, where m i was the largest observed length class of species i, was used to derive an L max index, which expressed the average maximum attainable size of fish in the community,
The L max index was calculated, as for species richness and evenness, in a sliding window of constant number of tows, and joined using a loess routine.
The mean length of fish in the community (L mean ) and LFI were derived from the annual survey abundance data. Mean length was estimated from the length distribution of biomass, rather than of individuals, for consistency with our other indicators and because the former has potentially more relevance in an ecosystem or food web context:
The LFI was calculated by summing the species length class abundances (t km
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) over the greater than or equal to 40 cm length intervals and expressing as a ratio of total biomass. Additional sub-sets of the LFI were derived for the commercially important species cod, haddock, hake, plaice, saithe and whiting. In addition, for the commercial species, we estimated the proportion of biomass owing to fish larger than the minimum legal landing size (MLS) as defined by EU Council Regulation 850/98 Annex XII [22] (cod 35 cm, haddock 30 cm, hake 27 cm, plaice 30 cm, saithe 35 cm and whiting 27 cm).
(e) Fishery data Annual landed weights (t yr 21 ) for the six main commercial demersal taxa (cod, haddock, hake, plaice saithe and whiting) were digitized from compilations of official landings statistics [1] . Series were available for each species from 1960 to 2009 for an area referred to as the wider Clyde, defined by a set of four ICES 18 longitude Â 0.58 latitude statistical rectangles (denoted 39E4, 39E5, 40E4 and 40E5) which included parts of the North Channel and the Sound of Jura (figure 1). The sea surface area of these rectangles was estimated by geographic information system (GIS) planimetry of coastline data, and the landed weights normalized to sea surface area (t km
Assessing the weight and composition of fish that were caught but not landed was difficult since discards are not officially monitored. However, tabulated records of data collected by observers aboard Norway lobster trawlers in the Firth of Clyde between 1982 and 1998 provide information on annual discarded weights, and the mean species composition of discards [23] . We assumed that the proportion by weight of commercial species in discards was related to the proportion of ,MLS fish in the demersal community as a whole. By further assuming that total discards were proportional to Norway lobster landings [24] , we obtained a crude estimate of annual aggregated discards of the commercial species from 1960 to 2009 (see the electronic supplementary material).
The ratio of annual fishery catch (W ) to biomass (B) referred to as the harvest ratio (HR, yr 21 ) represents a measure of the annual fishing mortality. Assuming that discarded fish of the commercial species were exclusively smaller than the respective MLS, which the available data indicate to be principally the case [23] , we estimated the HRs
where x [ftotal, ,MLS, !MLSg denotes whether the calculation is for all commercial species, or partial HRs for commercial species below or above the MLS. The L max indicator in the Clyde showed a step-change between pre-1980 and post-1995 from approximately 70 cm to less than 55 cm. Prior to 1980, apart from the main commercial species, a variety of taxa with all-time maximum body lengths exceeding 70 cm formed a significant component of the community biomass (anglerfish, spurdog, lesser spotted dogfish, thornback ray and tope). After 1980, few of these taxa appeared in the subset forming 95 per cent of total biomass, and other non-commercial species with maximum lengths smaller than 30 cm assumed higher ranking in terms of biomass (Norway pout, long rough dab and poor cod). L max in the Hebrides shelf region was consistently higher than the Clyde and declined more steadily over the period. Data from the Irish Sea were too sparse to discern a temporal pattern, but were possibly similar to the Clyde.
RESULTS (a)
The mean length of demersal fish biomass (L mean ) in the Clyde declined steeply from 60 cm in the 1920s to less than 20 cm in 2009. The indicator also decline in the Hebrides shelf region but less steeply, being greater than 30 cm in 2009. In the Irish Sea, L mean was 20 -40 cm in the 1920s and remained so in the 1990s.
(b) Changes in community abundance and the large fish indicator There was no statistically significant linear trend (p . 0.05) in total biomass density of demersal fish in the Clyde over the 83-year period. However, a loess smoother fitted through the data indicated two main peaks in abundance, the first around 1960, and more recently around 2000 ( figure 3) . Similarly, the total biomass of the six main commercial species (cod, haddock, hake, plaice, saithe and whiting) showed no significant linear trend, and peaks in abundance around 1960 and 2000 ( figure 3 ). However, the remaining species, which we refer to as the non-commercial species, showed a strongly declining trend (p , 0.001), and the proportion of total biomass accounted for by the six commercial species increased from approximately 0.5 prior to 1960, to consistently greater than 90 per cent after 1993. This pattern was largely owing to the biomass dominance of whiting from 1995 onwards (table 1) .
The LFI for the whole demersal community in the Clyde was highly correlated with L mean (r 2 0.93, n ¼ 46) and declined from greater than 0.6 pre-1960 to less than 0.02 in 2000, with evidence of a slight recovery thereafter. The changes in the LFI were mainly driven by a significantly decreasing trend (p , 0.001) in the biomass of fish greater than or equal to 40 cm. Prior to 1980, a variety of commercial and non-commercial species made up 95 per cent of the biomass of greater than or equal to 40 cm individuals, in particular cod, spurdog and saithe (table 2) . During 1980 -1995, cod dominated the greater than or equal to 40 cm biomass (greater than 80%), but after 2004, spurdog and other non-commercial taxa re-appeared among the subset of taxa making up the majority of the greater than or equal to 40 cm biomass. As a consequence, by 2005, the LFI for the non-commercial species had risen to approximately 0.2, compared with the LFI for the commercial subset of species of which remained at approximately 0.02 ( figure 3 ). The total and commercial species biomass in the Hebrides region followed a similar pattern to that in the Clyde; less than 40 cm biomass increased post-1960 while greater than or equal to 40 cm biomass decreased (see electronic supplementary material, figure S7 ). However, non-commercial biomass comprised a higher proportion of the total than in the Clyde (greater than 50% as opposed to less than 30%). Hebrides non-commercial species biomass did not decline to the very low values observed in the Clyde during the 2000s and the non-commercial LFI remained greater than 0.3 through the study period. Data for the Irish Sea (see electronic supplementary material, figure S8 ) were too sparse to reach firm conclusions, but possibly indicated that the changes in LFI and distributions of biomass were similar to the Hebrides region and did not show the steep decline in non-commercial species seen in the Clyde.
(c) Changes in the fishery extraction rate of commercial species The combined biomass density of .MLS individuals of the six main commercial species in the Clyde declined from a peak loess smooth value of 2.59 t km 22 figure 4 ). Our estimates of discarded weights were reliable for the period 1982-1998, but only crudely estimated for earlier and later years. In addition, we were only able to estimate discards from the Norway lobster trawl fishery, and not from the demersal fisheries that were prevalent prior to the late 1980s. However, we estimated that discards rose from approximately 0.05 t km 
DISCUSSION
(a) Do the changes in the Clyde simply reflect those over the wider region? Declines in the LFI and changes in other community indicators of demersal fish are well documented at the regional scale for waters all around the UK [25] , and we would expect to see these reflected in the Clyde. The issue here is whether the changes in the Clyde are more extreme than in neighbouring areas. Our analyses indicate this to be the case. Changes in species evenness, mean length L mean and the proportion of non-commercial species were all more extreme in the Clyde than in the neighbouring areas. The implication is that the Clyde Table 1 community is sufficiently isolated from the neighbouring shelf regions to display a distinct local response to harvesting, and potentially also to environmental conditions. For some species, such as dogfish, tagging data suggest that migratory exchange between the Clyde and neighbouring areas probably occurs [26, 27] . For others, there is clear evidence of restricted exchange. For example, out of 7049 cod tagged around Scotland between November 1960 and August 1984, 204 were subsequently recaptured in the Clyde [28] and of these almost all (197, 96.6%) had been tagged locally. Only 2.5 per cent of cod tagged in the Clyde (five out of 202 recovered fish) were recaptured elsewhere, from the Hebrides (1), Irish Sea (2) and North Sea (2) . Similarly, there is a distinct component of herring which are local to the Clyde [29] , though this species is pelagic and not included in the community analysis. Hence, there is good supporting evidence that the Clyde is capable of supporting local populations of fish species, and hence that the community is spatially distinct and susceptible to local impacts of fishing.
(b) Development of the Firth of Clyde fishery and state of the demersal community There may be additional components of catch that we were not able to take into account in our analysis of harvesting rates in the Clyde, such as discards from the fisheries which targeted demersal fish, and recreational angling. In addition, our methodology for analysing the trawl survey data underestimated the biomass density, since we assumed 100 per cent catchability for all species and length classes. There is a further uncertainty in that the trawl surveys post-1960 were restricted to the winter months, while those pre-1960 were confined to the summer, so none of the survey data really reflected annually averaged abundances of species. However, none of these factors should materially affect the post-1960 temporal patterns of HR over time or the community health indicators. As a result, we can now identify the main phases in the development of the fishery and the demersal fish community in the Firth of Clyde (table 3) .
Prior to the opening of the Firth to trawling in 1962, the data are sparse, but all the sampling indicates a community in which the biomass was distributed across a range of taxa and which included a number of large L max species such as tope and spurdog. After opening to trawling, the extraction rate escalated to a maximum in the mid-1980s followed by a rapid reorganization of the species complement to a state in which the majority of the biomass was invested in whiting and to a lesser extent haddock, instead of the previous mix of functionally different species. At this point, boats probably began to leave the fishery and the extraction rate declined to a minimum in 1999/2000. Concurrently, the biomass density of small demersal fish (less than 40 cm) increased to a maximum. We can speculate that this was due to the relaxation of predation pressure as the abundance of large fish in the community declined. By the late 2000s, the demersal fish extraction was low and almost entirely owing to by-catch in the Norway lobster trawl fishery.
Despite the large changes in the fishery since the 1920s, the survey data suggest little detectable impact on demersal fish species richness. However, this is not to say that there were no effects on individual species, with some species which were originally prevalent becoming rare or absent (e.g. spurdog and saithe), and vice-versa (e.g. snake blenny). This result adds to those from a growing list of studies which have found demersal fish species richness to be temporally insensitive to exploitation despite clear trends in abundance and size composition [25, 30, 31] . Species continued to be discovered by the surveys in both the Clyde and neighbouring areas throughout the study period, and the cumulative number of species was approximately double the richness measured over 20 tows. From this, we suggest that the continuing discovery rate was primarily a function of rarefaction but we cannot rule out turn-over of the species complement. In contrast to species richness, species evenness declined steeply as the extraction rate reached its peak in the mid-1980s, and also increased rapidly as the extraction rate declined to minimum values around 1999-2000. However, the species that reappeared among the subset comprising 95 per cent of the community biomass in the 2000s were not those which had been important prior to the 1960s. Rather than large-growing taxa, such as spurdog and rays, the re-emerging species were Norway pout, long rough dab and poor cod. These species had been present throughout but at lower ranking abundances. Different patterns in species richness and evenness have been well documented in the terrestrial plant literature (e.g. [32] ). Evenness has been related to environmental stress [33, 34] though generally in a spatial rather than temporal context. However, there is growing evidence that regeneration of ecosystem function following environmental or human impact requires restoration of species evenness, rather than just richness [35] .
Although species evenness and the subset of species comprising 95 per cent of the biomass during 2005 -2009 were very similar to those during 1980 -1994, the recovering system was clearly deficient both in large fish (1980 -1994 . A large part of the reduction in LFI which began in the 1960s was due to the steeper decline in abundance of large hake and spurdog relative to small individuals. Cod, the other main large maximum length species, declined overall but large cod were still present at 30 -50% of total cod biomass even during the 2000s. With the decline and near-cessation of demersal fish landings post-1995, the biomass of commercial species ,MLS increased, further suppressing the LFI. The increasing abundance of ,MLS commercial fish was almost entirely owing to whiting and haddock, and not apparent among the other commercial species. However, this escalating abundance of ,MLS fish did not propagate through to increasing biomass of larger individuals despite the low fishing mortality rates.
(c) Lags in the response of demersal community metrics to harvesting The LFI, L max index, evenness and abundance clearly showed a lagged response to harvesting rate since the changes that occurred following the cessation of directed fishing were not simply a reversal of those that occurred over the period of collapse. A 15-year lagged response of the LFI has also been suggested in the North Sea [11] .
Multi-species food web models can exhibit discontinuous changes in abundance, hysteresis in community configuration during reversal of an external forcing pressure, and sometimes alternative equilibrium states under the same forcing conditions, depending on the initial conditions [36] [37] [38] . Nonlinearity in the predator-prey coupling between species is the main process that gives rise to such phenomena. The most notable predator species to have suffered a large decline in prevalence regionally and in the Clyde following the exposure to trawling was spurdog [27] . The survey data and anecdotal fishery evidence [1] indicate that this small pelagic shark species were extremely abundant in the Clyde and neighbouring waters prior to the 1960s and were presumably a significant predator on ,MLS demersal teleost fish. Another mechanism that might explain why a community could exist in different configurations at the same extraction rate is a change in environmental conditions affecting the vital rates (growth and maturation). This is a plausible theory in this case since sea temperatures in the Firth have shown a strong warming trend since 1985 [39] , and eutrophication impacts in the upper estuary owing to anthropogenic nutrients from the Glasgow conurbation have been significantly reduced [40] . Together, these might be expected to result in changes in productivity of the Firth as a whole, but there is no evidence of changes in fish growth on a scale which would account for the observed shift in community structure.
(d) Conservation and management implications Biodiversity, the status of commercially exploited species and food web integrity are three aspects of environmental quality, which requires national assessment and monitoring under the EU Marine Strategy Framework Directive. The types of measurements that might be appropriate, the geographical scale over which they should be collected, and the criteria for defining acceptable status are all subject to debate [41 -44] . In anticipation of implementing the Directive, the UK has conducted an evaluation of a variety of biodiversity measures for assessing the regional status of demersal marine fish communities in UK waters [25] . Our study is an example of the type of further analysis that will be required to relate changes in community status to exploitation, as a prelude to delivering advice on restorative measures.
Our results show that management measures developed at the regional scale (e.g. the whole of the west of Scotland) are not guaranteed to protect locally distinct communities such as in the Clyde, and that additional local measures will be necessary. Based on landings data alone, it has been suggested that removal of the ban on trawling in inshore waters of the Clyde in 1984 was instrumental in the demise of the demersal fisheries, and hence that reimposition of such restrictions might be an effective restoration measure [1] . However, our analysis shows no dynamic features that might be associated with the removal of the inshore trawling ban. If anything, the removal of the restriction on inshore trawling coincided with the onset of decline in harvesting rates. The changes in demersal community properties had their origins much earlier in the 1960s when the Clyde as a whole was opened up to demersal trawling.
CONCLUSIONS
The statement referring to the Clyde, that 'no species remain that are capable of sustaining commercial catches' [1, p. 1], gives the impression that commercially important species are no longer present. On the contrary, our analysis shows that biomass of the six main commercial species in the late 2000s was approximately double that prior to the onset of trawling in the 1960s ( figure 4) . However, the size structures of these species were dramatically different, being markedly deficient in large commercially marketable individuals after the period of peak harvesting rates in the 1980s. The same was true of non-commercial species, and in addition, the incidence of species with a maximum attainable length greater than 40 cm declined precipitously and did not recover during the period of low harvesting rates after the late 1990s. It is likely that this lag in demersal community state with respect to harvesting was at least partly owing to internal predator -prey dynamics. Diagnosing the exact species interaction which were responsible, the likely persistence of the state change, and delivering advice on how it might be reversed, would require analysis of fish diet compositions in conjunction with multi-species models to simulate the community responses to the observed patterns of fishing and environmental change (e.g. [45, 46] 
